In the yeast Saccharomyces cerevisiae, sphingolipids are essential for cell growth. Inactivation of sphingolipid biosynthesis, such as by disrupting the serine palmitoyltransferase gene (LCB2), is lethal, but cells can be rescued by supplying an exogenous LCB (long-chain base) like PHS (phytosphingosine) or DHS (dihydrosphingosine). In the present study, supplying SPH (sphingosine), an unnatural LCB for yeast, similarly rescued the lcb2 cells, but only when SPH 1-phosphate production was inhibited by deleting the LCB kinase gene LCB4. Exogenously added SPH was adequately converted into phosphoinositol-containing complex sphingolipids. Interestingly, cells carrying SPH-based sphingolipids exhibited a defect in the association of Pma1p with Triton X-100-insoluble membrane fractions, and displayed sensitivities to both Ca 2+ and hygromycin B. These results suggest that the SPH-based sphingolipids in these cells have properties that differ from those of the PHS-or DHS-based sphingolipids in regard to lipid microdomain formation, leading to abnormal sensitivities towards certain environmental stresses. The present paper is the first report showing that in sphingolipid-deficient S. cerevisiae, the requirement for LCB can be fulfilled by exogenous SPH, although this supplement results in failure of lipid microdomain formation.
INTRODUCTION
Sphingolipids are a major component of the eukaryotic plasma membrane. These compounds have numerous roles, such as regulating signal transduction pathways, directing correct protein sorting, and mediating cell-to-cell interactions and recognition [1, 2] . Recent studies have also demonstrated that sphingolipids dynamically cluster with sterols to form lipid microdomains or rafts, which function as platforms for effective signal transduction and correct protein sorting [3] .
Structures of sphingolipids vary among species, although the fundamental structure is similar. Basically, a hydrophobic ceramide, i.e. a fatty acid attached through an amide linkage to an LCB (long-chain base), is attached to a head group; it is the head group that varies so greatly in composition [4] . For instance, the mammalian sphingolipid sphingomyelin has phosphocholine as its head group, and mammalian glycosphingolipids, of which there are hundreds, carry carbohydrate head groups [4] . In contrast, the yeast Saccharomyces cerevisiae has only three sphingolipids, IPC (inositol phosphorylceramide), MIPC (mannosylinositol phosphorylceramide) and M(IP) 2 C (mannosyldi-inositol phosphorylceramide), all containing phosphoinositol [5] .
LCBs also differ between mammals and yeast. The major LCB in mammals is SPH (sphingosine), which is desaturated between the C-4 and C-5 positions, although DHS (dihydrosphingosine), which is saturated at that site, is also present. In contrast, SPH does not exist in yeast; instead, PHS (phytosphingosine), which is hydroxylated at the C-4 position, and DHS serve as LCBs. This difference can be attributed to variations in sphingolipiddesaturating and hydroxylating enzymes. Mammals have dihydroceramide 4-desaturase (DES1), which generates ceramide from dihydroceramide [6] , whereas S. cerevisiae has C-4 hydroxylase (Sur2p), which catalyses the conversion of DHS and dihydroceramide into PHS and phytoceramide respectively [7] .
Sphingolipids are essential for viability. Yeast cells carrying a mutation in the LCB2 gene, which encodes a subunit of the first enzyme in sphingolipid biosynthesis, cannot grow unless PHS or DHS is supplied to the medium to compensate for the lack of LCB synthesized de novo [8, 9] . Other genes involved in the early stages of sphingolipid synthesis (i.e. those affecting the synthesis of all the sphingolipids) are also essential for cell growth; however, genes involved in the later stages of synthesis [affecting only MIPC and M(IP) 2 C] can be deleted without interrupting growth [5] . Deletion of the C-4 hydroxylase gene SUR2, which is involved in PHS formation, also has no effect on cell growth [7] . Nevertheless, hydroxylation of LCB and the presence of extended glycans are apparently important during adaptation to harmful environmental conditions, since a loss of either results in altered sensitivity to exogenous Ca 2+ or drugs [10] [11] [12] .
In the present study, we succeeded in constructing yeast cells with sphingolipids that carry SPH as the only LCB, by supplying SPH exogenously to lcb2 cells and by deleting the LCB kinase LCB4 gene [13] to prevent generation of toxic SPH 1-phosphate. These cells could grow, but did so much more slowly than those similarly constructed to contain only PHS or DHS, indicating that SPH can compensate for the functions of natural LCBs, but only partly. We found that one of the roles that could not be substituted for by SPH was the ability of natural LCBs to form lipid microdomains. Moreover, those yeast cells with SPH-type sphingolipids exhibited altered sensitivities to exogenous Ca 2+ and hygromycin B. These results indicate that SPHbased sphingolipids possess different properties from PHS-or DHS-based sphingolipids.
EXPERIMENTAL

Yeast strains and media
From S. cerevisiae diploid KA31 (MATa/α ura3/ura3 leu2/leu2 his3/his3 trp1/trp1) cells [14] , haploid TMY101 (MATa ura3 lcb2::LEU2 his3 trp1) cells were constructed as follows. KA31 cells were transfected with a lcb2::LEU2 construct that had been generated by replacing the 1.15 kb XbaI-EcoRV region in the LCB2 gene with the LEU2 marker, and selected on a plate of SC (synthetic complete) medium (0.67 % yeast nitrogen base and 2 %, w/v, glucose) lacking leucine. One of the clones obtained, designated TMY100, exhibited a LCB2/ lcb2::LEU2 genotype. After TMY100 cells were sporulated, the resulting tetrads were dissected. Each tetrad was then plated on to YPD (1 %, w/v, yeast extract, 2 %, w/v, peptone and 2 % glucose) plates containing 10 µM PHS and 0.0 015 % Nonidet P40 as a dispersant. 
Lipid extraction
Lipids were extracted from S. cerevisiae by the method of Hanson and Lester [17] . Briefly, the cells were suspended in 100 µl of ethanol/water/diethyl ether/pyridine/15 M ammonia (15:15:5:1:0.018, by vol.) and incubated at 60
• C for 15 min. The residue was centrifuged at 1500 g for 5 min and extracted once more in the same manner. The resulting supernatants were dried and used for further analysis.
LCB analysis
TMY85 ( lcb2 lcb4 sur2) yeast cells were cultured overnight in YPD medium containing 5 µM PHS and 0.0 015 % Nonidet P40. The cultured cells were washed and diluted to 0.1 D 600 unit/ml into YPD medium containing 5 µM PHS, DHS or SPH and 0.0 015 % Nonidet P40. After an 18 h incubation at 30
• C, the cells (2.0 D 600 units/ml) were collected and washed with cold distilled water containing 1 mg/ml BSA, and lipids were extracted. The lipids were dissolved in 500 µl of methanol/water (82:18, v/v) containing 1 M HCl, and heated at 80
• C for 18 h; PHS, DHS and SPH standards (1 nmol each) were treated similarly. After the addition of 500 µl of 3 M NH 4 OH, LCBs were extracted twice with 500 µl of chloroform. The combined chloroform extracts were dried and dissolved in 120 µl of ethanol by heating at 67
• C for 25 min. The dissolved lipid solution was mixed with 15 µl of OPA (o-phthalaldehyde) reagent (1 mg of OPA, 20 µl of ethanol, 2 µl of 2-mercaptoethanol and 1 ml of 3 %, w/v, boric acid solution adjusted to pH 10.5) and incubated at room temperature (25 • C) for 30 min. Samples were centrifuged at 10 000 g for 5 min, and the resulting supernatants were resolved by HPLC on a pre-packed C 18 reversed-phase column (Cosmosil 5C18-AR-II; Nacalai Tesque, Kyoto, Japan) using an isocratic eluent composition of acetonitrile/distilled water (90:10, v/v) and a flow rate of 1 ml/min. The OPA derivatives were monitored at an excitation wavelength of 340 nm and an emission wavelength of 455 nm.
Complex sphingolipid analysis
TMY85 cells were grown overnight at 30
• C in YPD medium containing 0.0 015 % Nonidet P40 and 5 µM PHS, DHS or SPH. The cells were diluted to 0.5 D 600 unit/ml in YPD medium containing 5 µM LCB and incubated at 30
• C for an additional 5 h. After an incubation, cells (1.0 D 600 unit/ml) were suspended in fresh YPD medium containing 5 µM LCB and labelled with [
3 H]myo-inositol (2 µCi; PerkinElmer Life Sciences, Norwalk, CT, U.S.A.) for an additional 5 h at 30
• C. The cells were then washed with cold YPD medium containing 1 mg/ml BSA, and lipids were extracted. Lipids were resolved by TLC on Silica Gel 60 high-performance TLC plates (Merck, Whitestation, NJ, U.S.A.) with chloroform/methanol/4.2 M ammonia (9:7:2, by vol.) as a solvent system. To detect non-radioactive complex sphingolipids, TMY85 cells were grown overnight at 30
• C in YPD medium containing 0.0 015 % Nonidet P40 and 5 µM PHS, DHS or SPH. The cells were diluted to 0.1 D 600 unit/ml in YPD medium containing 5 µM LCB and incubated at 30
• C for an additional 12 h. The cells (3.0 D 600 units/ml) were collected and washed with cold distilled water containing 1 mg/ml BSA, and lipids were extracted. Lipids were resolved by TLC with chloroform/methanol/4.2 M ammonia (9:7:2, by vol.) as a solvent system. The TLC plates were treated with an orcinol/H 2 SO 4 reagent to stain carbohydrate (mannose)-containing lipids [12] .
Isolation and analysis of Triton X-100-insoluble membrane fractions
Triton X-100-insoluble fractions were isolated by the method of Bagnat et al. [18] with slight modifications. TMY85 cells were grown overnight at 30
• C for an additional 12 h. The cells (5.0 D 600 units/ml) were collected, washed with cold distilled water containing 1 mg/ml BSA, and stored at − 80
• C. The cell pellets were each lysed in 500 µl of TNE buffer (50 mM Tris/HCl, pH 7.4, 150 mM NaCl and 5 mM EDTA) containing 1 mM dithiothreitol, 1 mM PMSF and a 1× protease inhibitor mixture (Complete TM ; Roche Diagnostics, Indianapolis, IN, U.S.A.) by vortex-mixing with glass beads for 10 min at 4
• C. Lysates were cleared of unbroken cells and debris by a 5 min centrifugation at 500 g and then incubated with Triton X-100 (1 % final) for 30 min on ice. Each lysate (500 µl) was adjusted in volume by adding 1 ml of Optiprep solution (Nycomed Pharma, Oslo, Norway) and was overlaid with 2.4 ml of 30 % Optiprep in TXNE (TNE buffer containing 0.1 % Triton X-100) and 400 µl of TXNE. The samples were centrifuged at 259 000 g for 2 h at 4
• C, and six fractions of equal volume were collected from the top.
For immunoassays, fractions were precipitated with trichloroacetic acid (final concentration of 10 %). Precipitates were dissolved in SDS sample buffer (20 mM Tris/HCl, pH 7.5, 1 % SDS and 1 % 2-mercaptoethanol) and analysed by SDS/PAGE and immunoblotting with an anti-Pma1p antibody (Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.) and anti-goat IgG-HRP (where HRP stands for horseradish peroxidase) (Santa Cruz Biotechnology, Inc.). Labelling was detected using an ECL ® kit (Amersham Biosciences, Piscataway, NJ, U.S.A.).
A 300 µl sample of each density-gradient fraction was analysed for LCB content. Lipids were hydrolysed by adding 1.2 ml of methanol and 136 µl of concentrated HCl and heating at 80
• C for 18 h. Then 100 pmol of DHS was added into each mixture as an internal standard. After the addition of 1.6 ml of 3 M NH 4 OH, lipids were extracted twice with 1 ml of chloroform. The combined chloroform fractions were dried and dissolved in 120 µl of ethanol by heating at 67
• C for 25 min. The hydrolysed LCBs were derivatized with OPA and quantified by reversedphase HPLC as described above.
RESULTS
Exogenously added SPH enables cell growth in lcb2 lcb4 cells
Sphingolipids are essential for cell viability, so S. cerevisiae carrying a mutation in LCB2, which encodes a subunit of serine palmitoyltransferase, grow only when PHS or DHS is supplied to the medium [8, 9] ; addition of the mammalian LCB SPH cannot similarly compensate [19] . However, previous studies have indicated that SPH added to the culture medium is taken up and phosphorylated to SPH 1-phosphate by LCB kinases [20] . Excessive accumulation of intracellular SPH 1-phosphate is known to cause severe growth defects in yeast [20, 21] . Thus, to avoid the toxicity of SPH 1-phosphate in the lcb2 cells, we deleted the LCB4 gene, which is responsible for most of the LCB kinase activity in yeast. Neither the lcb2 nor the lcb2 lcb4 cells grew on YPD plates, but both cells grew in the presence of 5 µM PHS ( Figure 1A ). As reported, the growth defect of the lcb2 cells was not rescued by the addition of 5 µM SPH. However, the lcb2 lcb4 cells were able to grow on the YPD plate containing SPH, although not as efficiently as in the presence of PHS ( Figure 1A) . To eliminate the possibility that a trace amount of SPH 1-phosphate might be affecting the cell growth, the LCB5 gene, encoding a minor LCB kinase [13] , was deleted from the lcb2 lcb4 cells, but this mutation did not contribute further to the cell growth (results not shown). These results indicate that exogenously supplied SPH can rescue mutants deficient in sphingolipid biosynthesis, but the accumulation of the SPH 1-phosphate generated by LCB4 prevents this rescue.
Next we examined the effect of each individual LCB (PHS, DHS and SPH) on the growth of mutants deficient in sphingolipid biosynthesis. To avoid the conversion of exogenously added DHS into PHS by hydroxylation at the C-4 position, we further deleted the SUR2 gene, which encodes sphingolipid C-4 hydroxylase. Addition of the respective LCB to these TMY85 ( lcb2 lcb4 sur2) cells produced cells in which the intracellular sphingolipids were reconstituted with PHS, DHS or SPH as their sole LCB. HPLC analysis of lipids extracted from cells cultured for 18 h with each LCB confirmed that the LCB composition corresponded to the exogenously added LCB (Figure 2) . When TMY85 cells were cultured in the absence of LCBs, little cell growth was observed ( Figure 1B) . Addition of PHS or DHS increased the cell growth in a concentration-dependent manner. However, SPH was less effective at promoting cell growth than either PHS or DHS. Furthermore, high concentrations of SPH apparently had a somewhat inhibitory effect on the cell growth, since the growth rate at 24 h was lower in the presence of 10 µM SPH than with 5 µM SPH. However, a longer incubation with 10 µM SPH facilitated the growth of cells ( Figure 1B) . The ineffective rescue of cell growth by SPH suggests that SPH compensates for the function of natural LCBs (PHS and DHS) only partially.
Exogenously added SPH is utilized for complex sphingolipid synthesis
To examine whether the incorporated LCBs were utilized for complex sphingolipid biosynthesis, LCB-reconstituted cells (5 µM, overnight culture) were labelled with [
3 H]myo-inositol Figure 3A) . In every sample, IPC, MIPC and M(IP) 2 C bands each contained two bands, which seemed to correspond to sphingolipids having a 2-hydroxy and non-hydroxy fatty acid. In addition, MIPCs were also detected in non-radioactive lipid extracts of every culture by an orcinol/H 2 SO 4 staining (Figure 3B) . These results indicate that complex sphingolipids were synthesized normally in cells cultured with not only PHS and DHS, but also SPH.
Formation of functional lipid microdomains is impaired in SPH-reconstituted cells
In yeast, sphingolipids and ergosterol form lipid microdomains [18] . Therefore we investigated the ability of reconstituted SPHbased sphingolipids to form normal microdomains. Lysates from TMY85 cells cultured overnight with 5 µM PHS, DHS, or SPH were dissolved in Triton X-100 and then separated over an Optiprep density gradient. The distribution of sphingolipids in each fraction was determined by HPLC after acid hydrolysis and derivatization with OPA. In both PHS-and SPH-reconstituted cells, sphingolipids were detected not only in the high-density Triton X-100-soluble fractions [18] , but also in the low-density detergent-insoluble fractions, which contain lipid microdomains ( Figure 4A ). However, in the PHS-reconstituted cells, 52 % of all sphingolipids were detected in the detergent-insoluble fractions (fractions 1-3), whereas in the SPH-reconstituted cells this level had decreased to 25 % ( Figure 4A ). These results suggest that SPH-based sphingolipids are incorporated into the lipid microdomains, but the content is significantly lower than that of PHSbased sphingolipids.
We also examined the distribution of the plasma membrane H + -ATPase, Pma1p, which is predominantly localized in the lipid microdomains in yeast [18] . In the PHS-or DHS-reconstituted cells, Pma1p was detected in both high-and low-density fractions ( Figure 4B) , suggesting that the protein was partly associated with lipid microdomains. However, in the SPH-reconstituted cells, Pma1p was not apparent in the low-density fractions and was detected only in the high-density fractions ( Figure 4B ). Taken together, these results suggest that the SPH-reconstituted cells cannot form functional lipid microdomains.
Sensitivity of LCB-reconstituted cells to Ca 2+ or hygromycin B
Structural changes in sphingolipids following the deletion of certain biosynthesis enzymes are known to affect Ca 2+ and drug sensitivities [10] [11] [12] . Therefore, we examined the sensitivity of the LCB-reconstituted cells to Ca 2+ and hygromycin B, an aminoglycosidic antibiotic produced by Streptomyces hygroscopicus [22] . Cell growth in the TMY85 cells reconstituted with PHS was increased by the addition of Ca 2+ ( Figure 5A ). Similarly, growth of the cells reconstituted with DHS or SPH was promoted by the addition of up to 50 mM Ca 2+ , although at 100 mM and above, Ca 2+ had a rather inhibitory effect on growth. Notably, 200 mM Ca 2+ strongly inhibited growth of the cells reconstituted with SPH ( Figure 5A ).
Treatment with hygromycin B inhibited the growth of every LCB-reconstituted cell line, although the sensitivities of the cells differed. Growth of the SPH-reconstituted cells was strongly inhibited by hygromycin B, while the PHS-reconstituted cells were relatively resistant. Strong resistance was also observed for DHS-reconstituted cells ( Figure 5B ). These results indicate that sensitivities to Ca 2+ and hygromycin B are greatly affected by LCB composition in cells. 
DISCUSSION
A previous report indicated that supplying SPH exogenously could not compensate for the LCB auxotrophy exhibited by S. cerevisiae mutants deficient in sphingolipid biosynthesis [19] .
In the present study, we have clearly demonstrated that deletion of the gene encoding the LCB kinase LCB4 enables growth of lcb2 cells when supplied with SPH. In S. cerevisiae, phosphorylated LCBs are involved in heat stress resistance, diauxic shift and Ca 2+ mobilization [23] [24] [25] , while their excessive intracellular accumulation leads to growth inhibition [20, 21] . Thus it is plausible that SPH 1-phosphate production by Lcb4p interferes with the rescue of lcb2 cells by exogenously added SPH. SPH incorporated by these lcb2 lcb4 cells was found to be adequately utilized for complex sphingolipid synthesis (Figure 3 ). The present paper is the first report showing that in S. cerevisiae, sphingolipids containing SPH, a major LCB in mammals but one lacking in yeast, can substitute for the endogenous sphingolipids formed from PHS or DHS. Although the structures of sphingolipid LCBs differ among organisms, the present study suggests that sphingolipids, regardless of structure, can be substituted for by those of another organism, at least for cell growth. On the other hand, the S. cerevisiae mutant SLC bypasses the need to synthesize LCBs for growth and instead synthesizes a novel phosphoinositolcontaining glycerolipid that mimics the structure of complex sphingolipids [26] . From these observations, one might postulate that for cell growth, the structural requirement of the hydrophobic portion of the sphingolipid has some flexibility. Studies using the lcb1-100 temperature-sensitive yeast mutant, which is deficient in sphingolipid biosynthesis when cultured at an elevated temperature, demonstrated that sphingolipids are essential for lipid microdomain formation [18] . In the study presented here, SPH-based sphingolipids were recovered in the low-density fractions containing the microdomain fractions, although their distribution was reduced compared with that of PHS-based sphingolipids ( Figure 4A ). Considering that the microdomain localization of Pma1p was completely abolished (Figure 4B) , SPH-based sphingolipids may be unable to fulfil their functions in lipid microdomains. It is unclear, though, how the C-4, C-5-double bond of LCBs affects the microdomain formation in S. cerevisiae. The existence of lipid microdomains has been confirmed in a variety of organisms, including mammals, plants, fungi and insects, although the structures of the sphingolipids and sterols composing the domains differ [27] . Mammals and S. cerevisiae contain different sterols (cholesterol and ergosterol respectively) and different sphingolipids (SPH/DHS-based sphingomyelin or glycosphingolipids and PHS/DHS-based phosphoinositol-containing sphingolipids respectively). In studies of membrane models, the ability of sterols to pack tightly with sphingolipids was found to be key in their promotion of lipid domain formation, and sterols with different structures had different effects [27] . Thus it is possible that the C-4, C-5-desaturation of sphingolipids is critical to their affinity towards ergosterol and eventually affects the lipid microdomain formation. This notion implies that the combination of sphingolipids and sterols in each organism is vital for unique lipid microdomain formation.
Previous studies have shown that certain sphingolipids play a key role in Ca 2+ and drug sensitivities [10] [11] [12] . Additionally, transcription of IPT1, which codes for an enzyme involved in M(IP) 2 C synthesis, is controlled by key transcription factors (Pdr1p and Pdr3p) that regulate multidrug-resistance genes, supporting a role for sphingolipid composition in drug resistance [28] . In the present study, we also found that yeast cells carrying PHS-, DHS-or SPH-based sphingolipids exhibit different sensitivities to Ca 2+ and the antibiotic hygromycin B ( Figure 5 ). Generally, it is still unclear how sphingolipids affect these phenomena. However, it is likely that a change in sphingolipid composition would affect the properties of the plasma membrane itself and the activity of the membrane proteins interacting with extracellular factors. In this context, abnormal lipid microdomain formation in cells carrying SPH-based sphingolipids may affect the cells' sensitivities to Ca 2+ and hygromycin B (Figures 4  and 5) .
In summary, we found that in S. cerevisiae mutants deficient in sphingolipid biosynthesis, the requirement for a LCB can be fulfilled by exogenous SPH instead of PHS or DHS, although SPH results in incomplete or abnormal lipid microdomain formation. Further studies using LCB reconstitution of the mutant would help to elucidate the structural features of LCBs that are required for proper functioning, such as lipid microdomain formation.
